All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Muscle fibre type is determined by the myosin structure or physiological capabilities of the muscle\[[@pone.0124873.ref001]\]. The composition of muscle fibres determines the muscle's physicochemical properties, including fibre area, fibre density, oxidation capacity, and glycolysis capacity. Therefore, the muscle fibre composition is an important factor influencing many of the peri- and post-slaughter biochemical processes, thus influencing meat quality\[[@pone.0124873.ref002]\]. Our previous studies have indicated that meat colour, water holding capacity and meat pH are related to fibre composition. The regulation of fibre composition is a viable pathway for improving meat quality\[[@pone.0124873.ref003]\]. Based on the relative contraction speed of the fibre and its oxidative and glycolytic metabolism capacities, porcine muscle fibre has been classified into slow-twitch oxidative fibre (type 1), fast-twitch oxidative fibre (type 2a), fast-twitch glycolytic fibre (type 2b) and fast-twitch oxidative glycolytic fibre (type 2x)\[[@pone.0124873.ref004]\]. In postnatal porcine skeletal muscle, the number of muscle fibres is constant during growth. However, the type of muscle fibre can be regulated by various conditions, such as neuromuscular activity, mechanical loading, mechanical unloading, hormones, aging, and endurance exercise\[[@pone.0124873.ref005]\].

MicroRNAs are small non-coding RNAs molecular (approximately 22 nucleotides), which transcribed by RNA polymerase II. After transcription, the primary miRNA (pri-miRNA) transcripts, which are several hundred nucleotides in length, are cleaved to 60--80 nucleotides precursor miRNAs (pre-miRNAs). Pre-miRNAs are subsequently cleaved to form mature miRNAs, which join the RNA-induced silencing complex (RISC)\[[@pone.0124873.ref006]\]. Based on the base-pairing of their seed sequence complementary sequences within mRNAs, miRNAs play regulatory roles in many important physiological processes and have been demonstrated to be involved in mediating key aspects of skeletal muscle development and responses to diseases\[[@pone.0124873.ref007]\]. Mmu-miR-208 and mmu-miR-499 are encoded by the mouse Myh7 and Myh7b genes. These miRNAs are part of the myomiR network, which regulates the expression of the myosin heavy chain (*MYH*) genes\[[@pone.0124873.ref008]\]. The *MYH* genes family encodes a subunit of myosin, which is the motor protein of muscle thick filaments. Isoforms of myosin heavy chain (MyHC) have distinct characteristics necessary for defining specific types of muscle fibre\[[@pone.0124873.ref009]\]. Innervation-regulated signalling cascades in skeletal muscle control the activation of downstream transcription factors to regulate the expression of fibre type-specific myosin genes. A previous study on avian skeletal muscle fibres has shown that the expression of *MEF2* and *NFAT* was required for innervation-induced expression of slow myosin heavy chain 2 (*MYH2*). The gene upstream of *MYH2* contains binding sites for *MEF2* and *NFAT*\[[@pone.0124873.ref010]\]. *MEF2* is an important factor for muscle development and fibre differentiation. Previous reports have indicated that *MEF2* could activate the expression of miR-92b, which then downregulates *MEF2* through binding to its 3'UTR. A negative feedback circuit exists between miR-92b and *MEF2*\[[@pone.0124873.ref011]\]. Endurance exercise training can increase the proportion of type 1 fibre, which mainly use oxidative metabolism for energy production and are more fatigue-resistant. The mechanism of this transformation is the training-induced targeted expression of an activated form of PPARδ, which induces increase in oxidative enzymes, mitochondrial biogenesis and the number of type 1 muscle fibres\[[@pone.0124873.ref012]\]. PPARδ is the common target of the microRNA cluster miR-199a\~214. An antagomir-based silencing experiment suggested that the miR-199a\~214 cluster actively represses cardiac PPARδ expression\[[@pone.0124873.ref013]\]. There are links between miRNAs and the signalling pathways that regulate muscle fibre composition. However, research into the regulation of muscle fibre type by miRNAs is still rare.

The growth process is associated with an increasing muscle mass and the transition of muscle fibre type\[[@pone.0124873.ref014]\]. A previous study in cattle showed that skeletal muscle fibre type 2a transforms into type 2b in the first months after birth and that skeletal muscle fibre type 1 is nearly unaffected by age\[[@pone.0124873.ref015]\]. There are many factors that influence the composition of skeletal muscle fibres, and there are also many ways to regulate the fibre type, including endurance training, nutrition, gene interference, and miRNAs. Previous studies on muscle fibre regulation have focused on the period before weaning. However, the composition of muscle fibre changes after weaning and throughout growth.

The aim of this study was to investigate the transformation of muscle fibre type during the period from 35 to 161 d and specifically to identify the miRNAs that play key roles in the regulation of muscle fibre type during this period.

Results and Discussion {#sec002}
======================

Content of different muscle fibres at 63, 98 and 161 d {#sec003}
------------------------------------------------------

The psoas major muscle at 63, 98 and 161 d was isolated to analyse the composition of muscle fibres. Fibres were classified into 3 types (1, 2a, and 2x+2b) using enzyme histochemical staining based on the acid stability of myosin ATPase and the glycolytic rate ([Table 1](#pone.0124873.t001){ref-type="table"}). During the porcine growing period, the proportion of type 1 fibres decreased significantly from 9.21 to 4.21%, and the proportion of white fibres (2x+2b) increased significantly from 63 d to 98 and 161 d.

10.1371/journal.pone.0124873.t001

###### Composition of the psoas major muscle fibres at 63, 98 and 161 d.

![](pone.0124873.t001){#pone.0124873.t001g}

  Muscle fibre type (%)   63 d                                                                98 d                                                                161 d
  ----------------------- ------------------------------------------------------------------- ------------------------------------------------------------------- -------------------------------------------------------------------
  **Fibre 1**             ***9*.*21±0*.*79*** [^***a***^](#t001fn001){ref-type="table-fn"}    ***6*.*03±0*.*76*** [^***b***^](#t001fn001){ref-type="table-fn"}    ***4*.*21±0*.*44*** [^***c***^](#t001fn001){ref-type="table-fn"}
  **Fibre 2a**            19.08±1.75                                                          16.20±1.25                                                          16.44±1.49
  **Fibre 2x+2b**         ***71*.*71±1*.*79*** [^***a***^](#t001fn001){ref-type="table-fn"}   ***77*.*78±1*.*56*** [^***b***^](#t001fn001){ref-type="table-fn"}   ***79*.*35±1*.*72*** [^***b***^](#t001fn001){ref-type="table-fn"}

^a,\ b,\ c^ Data with different superscripts in the same row are significantly different (P\<0.05).

All fibres were initially red fibre types (type 1 and type 2a) in new born piglets. Fibre type 2a has the capacity to transform from a red fibre to a white fibre (mainly to fibre type 2x). Transformation of inactive muscle, such as the pectoralis of chick, occurs much more easily than transformation of active muscle\[[@pone.0124873.ref016]\]. In our study, red fibres (type 1 and type 2a) also transformed to white fibres (type 2x and type 2b) in the period from 63 to 161 d. However, the variation rate and speed of the muscle fibre type was less than in the period before weaning. Fibre type transformation followed a regular sequence as follows: 1↔2a↔2x↔2b\[[@pone.0124873.ref005]\]. The decline in the proportion of type 1 fibres in the period from 63 to 161 d indicated that some fibres of type 1 transformed to type 2a and that some fibres of type 2a transformed to type 2x during this period. Furthermore the muscle's capacity for oxidative metabolism will decline with the reduction in red fibres. The meat colour, one component of the meat quality index, will also change following the changes in muscle fibre composition\[[@pone.0124873.ref017]\]. To determine whether the apparent variation in these traits is caused by the differential expression of genes in the *MYH* genes family, which encoded proteins characteristic of different types of muscle fibre, we used RT-qPCR to assess the expression of *MYH* family at 63d, 98d and 161d.

Expression of *MYH* genes at 63, 98 and 161 d {#sec004}
---------------------------------------------

Myosin II is the type of myosin responsible for producing contractions in muscle cell. There are 16 heavy chains and 13 light chains for myosin, each of which has different functional and physicochemical properties\[[@pone.0124873.ref018]\]. The myosins of different muscle fibres are composed of different myosin heavy chains and light chains. The porcine myosin heavy chains have four characteristic isoforms (1, 2a, 2x, and 2b) in skeletal muscle, and they are encoded by a family of genes (*MYH7*, *MYH2*, *MYH1*, and *MYH4*), that are used to identify different muscle fibres. In most fibres, the composition of transcripts is closely related to the composition of the corresponding fibres\[[@pone.0124873.ref004]\].

The expression levels of *MYH* genes in the psoas major muscle were determined by real-time qPCR ([Fig 1](#pone.0124873.g001){ref-type="fig"}). *MYH7* (type 1) and *MYH2* (type 2a) were both significantly decreased in the period from 63 to 161 d. *MYH1* (type 2x) and *MYH4* (type 2b) were significantly decreased in the last development stage (p\<0.05).

![MyHC gene expression in the psoas major muscle at 63, 98 and 161 d.](pone.0124873.g001){#pone.0124873.g001}

The composition of muscle fibres determined by real-time qPCR showed the trends similar to those of the composition determined by staining. This indicates that there are high positive correlations between the two methods of muscle fibre typing. Furthermore, the expression levels of *MYH* family genes are directly related to the apparent traits of different muscle fibres. However, the expression level of MyHCs showed an overall decreasing trend during the period from 63d to 161d indicating that there may be endogenous factors playing key roles to induce the downregulation of *MYH* genes during this period. For example, myoblasts from presumptive fast and slow muscles may be programmed to express and suppress different MyHC subtypes\[[@pone.0124873.ref019]\].

Characterisation of miRNA expression profiles in the porcine psoas major muscle at 63, 98 and 161 d as determined by deep sequencing {#sec005}
------------------------------------------------------------------------------------------------------------------------------------

To discover the reason behind the changes in muscle fibre composition, Solexa/Illumina deep sequencing was used to examine the miRNA expression profiles of porcine psoas major muscle at 63, 98 and 161 d. After eliminating the common RNA, such as mRNA, RFam (rRNA, tRNA, snoRNA and snRNA), repeats and other unknown small RNA, the remaining total clean read count for the muscle sample at 63, 98 and 161 d exceeded 4,100,000, 4,600,000 and 5,100,000, respectively. The reads from the raw data to cleaned sequences are shown in [S1 Table](#pone.0124873.s002){ref-type="supplementary-material"}. There were 135,469, 197,281 and 162,541 cleaned unique reads among the total reads at 63, 98, and 161 d, accounting for 26.47%, 28.91% and 29.06% of the unique reads, respectively. The most abundant size of small RNA detected was 22 nt, followed by 20, 21 and 23 nt ([Fig 2A, 2B and 2C](#pone.0124873.g002){ref-type="fig"}).

![Basic information from the sequencing data.\
(A) Length distribution of the total reads; (B) Length distribution of the unique reads; (C) Length distribution of the unique miRNAs; (D) The numbers of detected miRNAs in the three libraries. (p\<0.05).](pone.0124873.g002){#pone.0124873.g002}

Comparing the data to miRBase Release 20.0, there were 887 sequences associated with known miRNAs. Among them, 271 (96.8%) porcine mature miRNAs and 243 (88.0%) porcine pre-miRNAs were identified, and we detected 472 novel miRNAs. There were 729 common expression sequences at the three stages tested, and 87, 229 and 141 miRNAs with specific expression at 63d, 98d and 161d, respectively ([Fig 2D](#pone.0124873.g002){ref-type="fig"}). However, all the miRNAs with specific expression at the various stages were expressed at very low levels. All of the above results indicated that the major clean reads mapped to known miRNAs in miRBase and highly were enriched for porcine sequence data, suggesting that the deep sequence data are representative of the miRNA expression profile of porcine skeletal muscle and would be reliable for the subsequent analyses and prediction of novel miRNAs.

Solexa deep sequencing is an advanced technique for the discovery of novel miRNAs. In our study, we defined novel miRNAs as being 18 to 26 nt in length and not identifiable from previously reported sequences. After filtering, we obtained 472 novel miRNAs and named them PC-N (N = 1\~472) in [S4 Table](#pone.0124873.s005){ref-type="supplementary-material"}. The novel miRNAs were generally expressed at very low levels. Among the novel miRNAs, total normalised expression counts from the three libraries below 100 RPM was observed for 463, accounting for 98.1% of the total novel miRNAs. Furthermore, only one miRNA showed total expression over 1000 RPM. This result is similar to that of a previous study\[[@pone.0124873.ref020]\]. Because of their low expression levels, we eliminated most of the novel miRNAs from the subsequent analyses.

Most abundant miRNAs at different stages {#sec006}
----------------------------------------

A previous study indicated that miRNAs detected by deep sequencing that were expressed below 100--1,000 reads per million (RPM) had no discernible activity\[[@pone.0124873.ref021]\]. We summarised the distribution of the normalised expression of 271 porcine mature miRNAs in [S3 Table](#pone.0124873.s004){ref-type="supplementary-material"}. The numbers of miRNAs with normalised expression below 1000 RPM are 203, 200 and 200 at the three stages tested, accounting for 74.9%, 73.8% and 73.8% of the total mature miRNAs, respectively. There were 48, 50 and 51 miRNAs with mean expression between 1,000 and 10,000 RPM, accounting for 17.7%, 18.5% and 18.8% of the total mature miRNAs, respectively. However, the numbers of miRNAs with mean expression over 10000 RPM at three stages are 20, 21 and 20, account for 7.4%, 7.7% and 7.4%, respectively. The most abundant miRNAs in each library are listed in [Table 2](#pone.0124873.t002){ref-type="table"}. Furthermore, the 23 miRNAs with the highest expression overall account for 85.3% of the total counts of all counts of these 271 porcine miRNAs. This result indicates that the majority of clean reads mapped to few miRNAs, which is also consistent with a previous study\[[@pone.0124873.ref022]\].

10.1371/journal.pone.0124873.t002

###### Most abundant miRNAs in skeletal muscle (RPM\>10000).

![](pone.0124873.t002){#pone.0124873.t002g}

  miR name              D63      D98      D161     Total counts   Percent
  --------------------- -------- -------- -------- -------------- ---------
  **ssc-miR-133a-3p**   408806   315123   477166   1201095        32.6%
  **ssc-miR-26a**       69941    105652   103735   279328         7.6%
  **ssc-miR-486**       77118    70149    92245    239512         6.5%
  **ssc-miR-10b**       52416    81007    92091    225515         6.1%
  **ssc-miR-1**         24349    57426    47962    129736         3.5%
  **ssc-let-7a**        41744    36695    32087    110526         3.0%
  **ssc-miR-378**       47265    24873    27620    99758          2.7%
  **ssc-miR-143-3p**    17551    20769    59773    98093          2.7%
  **ssc-miR-30e-5p**    24314    36213    36339    96866          2.6%
  **ssc-miR-30a-5p**    25090    28670    32484    86244          2.3%
  **ssc-miR-27b-3p**    22193    23111    26313    71617          1.9%
  **ssc-miR-30d**       21509    19996    21639    63144          1.7%
  **ssc-let-7f**        17073    23841    17433    58347          1.6%
  **ssc-miR-191**       15771    18887    19525    54183          1.5%
  **ssc-miR-181a**      18027    11681    19158    48866          1.3%
  **ssc-miR-148a-3p**   8851     14004    18387    41242          1.1%
  **ssc-miR-92a**       20096    9231     9855     39181          1.1%
  **ssc-let-7g**        13180    14608    10799    38587          1.0%
  **ssc-let-7i**        15727    11228    9664     36618          1.0%
  **ssc-let-7c**        10980    10202    10232    31414          0.9%
  **ssc-miR-21**        9124     11801    10477    31402          0.9%
  **ssc-miR-126-5p**    7187     12467    10788    30443          0.8%
  **ssc-miR-127**       13523    6544     6353     26419          0.7%

The muscle-specific myosin heavy chain genes encode a family of miRNAs, called myomiRs, which control muscle performance, myofibre identity and myosin content\[[@pone.0124873.ref023]\]. Among the 23 miRNAs with the highest expression, there are 10 (43.5%) muscle-related miRNAs (ssc-miR-133a-3p, ssc-miR-486, ssc-miR-1, ssc-miR-143-3p, ssc-miR-30a-5p, ssc-miR-181a, ssc-miR-148a-3p, ssc-miR-92a, ssc-miR-21, ssc-miR-126-5p). Notably, the most abundant ssc-miR-133a-3p and ssc-miR-1, are myomiRs. They clustered on the same chromosomal loci and have been shown to modulate skeletal muscle proliferation and differentiation at the cell and embryo levels\[[@pone.0124873.ref024]\]. However, their mechanisms of regulation are not the same. MiR-1 regulates muscle growth by targeting histone deacetylase 4 (*HDAC4*), which represses an essential muscle-related transcription factor (myocyte enhancer factor 2C, *MEF2C*)\[[@pone.0124873.ref024]\]. *MEF2* proteins in cooperation with *PGC-1α* play an important role in regulating oxidative metabolism and synergistically activating the slow-twitch fibre gene\[[@pone.0124873.ref025]\]. Furthermore, miR-133 enhances the proliferation of myoblasts by repressing the expression of serum response factor (*SRF*)\[[@pone.0124873.ref024]\]. MiR-486, the second-most abundant miRNA has been identified as a downstream mediator of myocardin-related transcription factor-A (*MRTF-A*), serum response factor (*SRF*) and *MyoD*\[[@pone.0124873.ref026]\]. The remaining myomiRs also participate in certain processes of muscle proliferation and differentiation as outlined in [Table 3](#pone.0124873.t003){ref-type="table"}.

10.1371/journal.pone.0124873.t003

###### The function of highly expressed muscle-related miRNAs in muscle development.

![](pone.0124873.t003){#pone.0124873.t003g}

  miRs              Targets                  miRs-targets relationship
  ----------------- ------------------------ ---------------------------
  **miR-133a-3p**   SRF                      down-regulation
  **miR-486**       PTEN, FOXO1A             down-regulation
  **miR-1**         HDAC4, PAX3, PAX7        down-regulation
  **miR-143-3p**    SRF, myocardin, Nkx2-5   down-regulation
  **miR-30a-5p**    PTC1, CTGF, SMO          down-regulation
  **miR-181a**      Hox-A11                  down-regulation
  **miR-148a-3p**   ROCK1                    down-regulation
  **miR-92a**       MEF2                     down-regulation
  **miR-21**        WNT1, JAG1               down-regulation
  **miR-126-5p**    VCAM-1                   down-regulation

Validation of miRNA expression by stem-loop RT-qPCR {#sec007}
---------------------------------------------------

To validate the miRNA expression profile determined by sequencing, we randomly selected 9 differentially expressed miRNAs for stem-loop RT-qPCR assay ([Fig 3](#pone.0124873.g003){ref-type="fig"}). All 9 miRNAs were detected by RT-qPCR at 63, 98 and 161 d ([Fig 3B](#pone.0124873.g003){ref-type="fig"}), and they closely matched the overall trends at the three stages as determined by sequencing ([Fig 3A](#pone.0124873.g003){ref-type="fig"}). The correlation coefficient between the two ethods was 0.86, indicating that the results obtained using the two methods were closely related ([Fig 3C](#pone.0124873.g003){ref-type="fig"}). These results further demonstrated that deep sequencing is a reliable technique for ascertaining the gene expression profile of animal muscle samples, and the sequencing results were considered reliable for subsequent analyses.

![RT-PCR verification of miRNAs detected by solexa sequencing.\
(**A**) Fold change of differentially expressed miRNAs at 63, 98 and 161 d as determined by sequencing. (**B**) Fold change of differentially expressed miRNAs at 63, 98 and 161 d as determined by RT-qPCR. (**C**) Correlation coefficients (R) between miRNA expression profiles as determined by Illumina sequencing and RT-qPCR. The miRNAs selected for analysis are PC-5p-813_1295, ssc-miR-140-3p, ssc-miR-450c-5p, ssc-miR-143-3p, ssc-miR-195, ssc-miR-1, ssc-miR-92a, ssc-miR-127 and ssc-miR-145-5p.](pone.0124873.g003){#pone.0124873.g003}

Differential expression of miRNAs in different stages {#sec008}
-----------------------------------------------------

The differentially expressed (DE) miRNAs may play important roles in biological processes. To identify typical miRNAs involved in the regulation of muscle fibre type, we compared the libraries of the three stages. After normalisation, a 2-fold change between groups was used to filter differentially expressed miRNAs (p\<0.05). Using filter criteria, there were 89 (47 up/42 down), 64 (21 up/43 down) and 120 (48 up/72 down) DE miRNAs between 63d and 98d, 98d and 161d and 63d and 161d, respectively ([Table 4](#pone.0124873.t004){ref-type="table"}). However, a previous study demonstrated that miRNAs identified by sequencing and expressed at low levels usually had no discernible activity\[[@pone.0124873.ref021]\]. The miRNAs with the normalised expression levels over 300 RPM are listed in [Table 5](#pone.0124873.t005){ref-type="table"}. There were 4 upregulated miRNAs and 5 downregulated miRNAs between 63 and 98 d, 4 upregulated miRNAs and 1 downregulated miRNA between 98 and 161 d, and 5 upregulated miRNAs and 3 downregulated miRNAs between 63 and 161 d. Among these miRNAs, ssc-miR-1, ssc-miR-92a, ssc-miR-143-3p and ssc-miR-127 were highly expressed (normalised reads over 10000 RPM), and all 4 of these miRNAs are muscle-related. In particular, miR-1 is a myomiR. These miRNAs may therefore participate in muscle development and differentiation through various pathways.

10.1371/journal.pone.0124873.t004

###### Summary of differential expression miRNAs between the three stages.

![](pone.0124873.t004){#pone.0124873.t004g}

  The comparison between libraries   DE miRNAs   upregulated miRNAs   downregulated miRNAs
  ---------------------------------- ----------- -------------------- ----------------------
  D63 vs D98                         89          47                   42
  D98 vs D161                        64          21                   43
  D63 vs D161                        120         48                   72

DE: differential expression, fold change\>2 or fold change\<0.5, p\<0.05.

10.1371/journal.pone.0124873.t005

###### Differential expression of miRNAs between the three stages(expression level \> 300 RPM).

![](pone.0124873.t005){#pone.0124873.t005g}

  miRs name         EL (D63)   EL (D98)   EL (D161)   FC(63vs98)   FC(98vs161)   FC(63vs161)   p-value
  ----------------- ---------- ---------- ----------- ------------ ------------- ------------- -----------
  ssc-miR-1         24349      57426      47962       2.36         0.84          1.97          0
  ssc-miR-127       13523      6544       6353        0.48         0.97          0.47          0
  ssc-mir-1285-p5   1470       722        912         0.49         1.26          0.62          2.20E-56
  ssc-miR-139-5p    665        377        327         0.57         0.87          0.49          3.66E-42
  ssc-miR-140-3p    2007       1595       6058        0.79         3.80          3.02          0
  ssc-miR-143-3p    17551      20769      59773       1.18         2.88          3.41          0
  ssc-miR-145-5p    914        675        1552        0.74         2.30          1.70          6.84E-47
  ssc-miR-148a-3p   8851       14004      18387       1.58         1.31          2.08          0
  ssc-miR-181c      356        457        950         1.28         2.08          2.67          2.37E-22
  ssc-miR-28-3p     2101       1013       1360        0.48         1.34          0.65          2.22E-83
  ssc-miR-335       395        753        240         1.91         0.32          0.61          8.40E-86
  ssc-miR-340       630        1236       2173        1.96         1.76          3.45          3.00E-142
  ssc-miR-374a-5p   402        867        662         2.16         0.76          1.65          5.06E-41
  ssc-miR-423-3p    5014       2407       3305        0.48         1.37          0.66          1.28E-198
  ssc-miR-450b-5p   675        1781       1228        2.64         0.69          1.82          2.13E-117
  ssc-miR-450c-5p   619        1550       801         2.50         0.52          1.29          1.92E-94
  ssc-miR-92a       20096      9231       9855        0.46         1.07          0.49          0

EL: expression level, fold change \> 2 or fold change \< 0.5, expression level \> 300 RPM, p\<0.05.

For example, miR-1 regulates the expression of slow-twitch muscle fibre through the *HDAC4/MEF2* pathway. In our study, ssc-miR-1 was upregulated more than 2-fold in the period from 63 to 98 d suggesting that it may play a key role in the regulation of slow-twitch fibres during this period. A previous study demonstrated that mmu-miR-92a controls the growth of new blood vessels and may serve as valuable therapeutic target in the treatment of ischemic disease\[[@pone.0124873.ref027]\]. Other studies have also detected high expression levels of bta-miR-92a in skeletal muscle\[[@pone.0124873.ref028], [@pone.0124873.ref029]\]. This result indicates that miR-92a may be involved in the regulation of skeletal muscle growth. As predicted by TargetScan, miR-127 targets lysine methyltransferase 8 (*SETD8*), mitogen-activated protein kinase 4 (*MAPK4*) and aconitase 2 (*ACO2*). SETD8 plays a crucial role in lysine methylation\[[@pone.0124873.ref030]\], and lysine regulates muscle fibre type through its effect on *MEF2*\[[@pone.0124873.ref031]\]. The MAPK signalling pathway is involved in motor neurons and signalling systems. Activation of the MAPK pathway induces effects similar to those of slow motor neurons on the expression of myosin genes\[[@pone.0124873.ref032]\]. Thus, we speculated that miR-127 may regulate muscle fibre types via these three pathways. A previous mmu-miR-143 knockout experiment indicated that the expression of the mmu-miR-143 cluster is essential for vascular smooth muscle cells (VSMCs) to acquire the contractile phenotype\[[@pone.0124873.ref033]\]. MiR-143 is involved in adipocyte differentiation through target genes, including *ERK5*\[[@pone.0124873.ref034]\].Another study demonstrated that the expression of miR-143 was negatively correlated with the expression of *MyoD* in both fast and slow muscles of Siniperca chuatsi. Furthermore, the suppression of miR-143 induced notable upregulation of *MyoD* and fast *MYH* genes, indicating that miR-143 is involved in controlling the performance of different fibre types in vertebrate\[[@pone.0124873.ref035]\]. However, studies on miR-143 in porcine skeletal muscle are rare. In our study, miR-143-3p was upregulated from 63d to 161d, with a fold change between 98 d and 161 d greater than 2. Understanding whether the transformation of muscle fibre type is caused by the changes of ssc-miR-143-3p expression merits further research.

miRNA target prediction and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways analysis {#sec009}
--------------------------------------------------------------------------------------------

To further research the biological function of identified miRNAs, TargetScan and miRanda were used to predict the potential mRNA targets for the most abundant miRNAs (listed in [Table 2](#pone.0124873.t002){ref-type="table"}) and highly differentially expressed (HDE) miRNAs (fold change \>1.8 or \<0.56; normalisation reads over 1000 RPM, listed in [S5 Table](#pone.0124873.s006){ref-type="supplementary-material"}). Because porcine genes are not included in the current TargetScan and miRanda databases, our predictions were based on human mRNAs. To analyse the functions of miRNAs involved in the muscle growth process, we selected targets of the abovementioned miRNAs and classified them according to the KEGG pathway enrichment analysis using DAVID functional annotation. A total of 2884 unique potential targets (2577 with name annotation) for the most abundant miRNAs (except the ubiquitously expressed let-7 family) were predicted. Twenty-seven enriched pathways were identified (p\<0.05, [Fig 4](#pone.0124873.g004){ref-type="fig"}). These pathways are involved in disease, immunity, cell differentiate and communication. In particular, some enriched pathways were involved in the regulations of muscle fibre, including the MAPK\[[@pone.0124873.ref023]\], Peroxisome proliferator-activated receptors (PPAR)\[[@pone.0124873.ref012], [@pone.0124873.ref036]\], ErbB\[[@pone.0124873.ref037], [@pone.0124873.ref038]\] and mTOR\[[@pone.0124873.ref039]\] signalling pathways.

![KEGG pathway analysis of most abundant miRNAs.](pone.0124873.g004){#pone.0124873.g004}

To identify the function of HDE miRNAs on the different biological process, we performed KEGG pathways analysis for the targets of HDE miRNAs at 63d to 98d, 98d to 161d and 63d to 161d. There were 17, 18 and 22 enriched pathways at different stages, respectively (p\<0.05). And we summarized the pathways with the enriched genes over 1% of the total performed genes in [S6 Table](#pone.0124873.s007){ref-type="supplementary-material"}. There were 29 enriched pathways at the tree stages. Among them, PPAR, ErbB, Insulin, mTOR signalling pathways, adherens junction, and focal adhesion, were reported involved in the regulation of muscle proliferation and differentiation. Particularly, the PPAR signalling pathway were both highly enriched in the periods from 63 to 98 d and from 98 to 161 d. PPARs are nuclear hormone receptors that are activated by fatty acids and their derivatives. One of the PPAR subtypes, PPARδ, is involved in the regulation of muscle fibre type. Treatment of muscle with a PPARδ agonist induces an increasing number of type 1 fibres\[[@pone.0124873.ref012]\]. The PPARγ coactivator-1 (PGC-1) and PPARα may play a key role in inducing the increase in skeletal muscle mitochondrial content and the oxidative muscle fibre phenotype\[[@pone.0124873.ref036]\]. Thus, the PPAR signalling pathway may play an important role in muscle fibre regulation during this period.

Integrated analysis of the mRNA and miRNA expression profiles {#sec010}
-------------------------------------------------------------

MiRNAs play an important role in RNA silencing and the post-transcriptional regulation of mRNA expression. In general, the expression patterns of miRNAs and their target mRNAs show opposing trends. We also performed mRNA Illumina deep sequencing for the psoas major muscle at different stages and an integrated analysis of the mRNA and the miRNA expression profiles. The miRNAs (normalisation reads over 100; a fold change greater than 1.8 or less than 0.56; p\<0.05) and their target mRNAs (normalisation reads over 100; p\<0.05) showing opposite expression trends are listed in [S7 Table](#pone.0124873.s008){ref-type="supplementary-material"}. The miRNAs marked in red colour were expressed at a high level (normalisation expression level over 10000 RPM), and the targeted genes shown in red, including *ACO2* \[[@pone.0124873.ref040]\], *PDK4*\[[@pone.0124873.ref041], [@pone.0124873.ref042]\], *CFL2*, *TNNC2*, *FLNC*\[[@pone.0124873.ref043]\], *ITM2B*, and *MYL1*, are reported involved as being in the regulation of muscle function. These miRNAs and mRNAs are crucial factors in muscle regulation. For instance, aconitate 2, encoded by the *ACO2* gene, is essential for lysine biosynthesis during filamentous fungal respiration \[[@pone.0124873.ref040]\]. In addition, studies have indicated that the *MEF2* gene may be regulated by lysine\[[@pone.0124873.ref044]\], and the *MEF2* binding site appears to be necessary for generating slow or oxidative muscle fibre\[[@pone.0124873.ref045]\]. Therefore, *ACO2* may regulate muscle fibre composition through its effects on lysine and MEF2. Pyruvate dehydrogenase kinase 4 (*PDK4*) is a master gene involved in muscle oxidative metabolism, and a study of the effect of two different exercises on different fibre types indicated that *PDK4* is significantly increased in both fibre types (type 1 and type 2) after prolonged exercise, with no difference between continuous exercise and interval exercise\[[@pone.0124873.ref041]\]. Many studies have demonstrated that exercise can increase the content of type 1 fibre, providing evidence that there are links between miRNAs and muscle fibre regulation. In particularly, FilaminC (*FLNC*), which is the potential target of the most abundant miR-143-3p, is one member of a family of actin binding proteins. A previous study on *FLNC* loss in vitro demonstrated that *FLNC* has a crucial role in muscle development and in the maintenance of muscle structural integrity\[[@pone.0124873.ref043]\]. And miR-143 also targets *HDAC4* and *MyoD*, which are reportedly involved in the regulation of muscle fibre types\[[@pone.0124873.ref035]\]. Therefore, miR-143-3p may regulate muscle fibre in a similar fashion.

Effect of ssc-miR-143-3p on the slow fibre *MYH7* gene and protein expression in skeletal muscle satellite cells {#sec011}
----------------------------------------------------------------------------------------------------------------

To gain further insight into the function of miR-143-3p on muscle differentiation, we transferred mimics of ssc-miR-143-3p into porcine skeletal muscle satellite cells (SCs), for ssc-miR-143-3p overexpression. The expression of the *MYH7* gene in SCs was significantly increased after transfection with ssc-miR-143-3p mimics ([Fig 5A](#pone.0124873.g005){ref-type="fig"}, p\<0.05). To identify the effect of ssc-miR-143-3p on myosin protein, we performed western blotting (WB) using total protein extracted from the transfected cells. The results indicated that the protein encoded by the *MYH7* gene was also significantly increase following *MYH7* gene upregulation ([Fig 5B](#pone.0124873.g005){ref-type="fig"}, p\<0.05). To obtain more evidence that slow fibres are regulated by ssc-miR-143-3p, we also transfected an ssc-miR-143-3p inhibitor into SCs, and the result was consistent with that for ssc-miR-143-3p mimic transfection. *MYH7* gene expression was repressed after ssc-miR-143-3p inhibitor transfection, though it was not significant ([Fig 5C](#pone.0124873.g005){ref-type="fig"}). In addition, the *MYH7* protein was significantly repressed by the ssc-miR-143-3p inhibitor ([Fig 5D](#pone.0124873.g005){ref-type="fig"}). Together, all of these results provide evidence that the ssc-miR-143-3p plays an important role in the regulation of slow muscle fibre in vitro.

![The expression levels of *MYH7* gene and protein in porcine skeletal muscle satellite cells after transferred ssc-miR-143 mimics and inhibitor.\
(A) The expression level of slow fibre gene *MYH7* after transferred ssc-miR-143-3p mimics; (B) The expression level of slow-twitch muscle myosin heavy chain protein after transfection with ssc-miR-143-3p mimics; (C) The expression level of slow fibre gene *MYH7* after transferred ssc-miR-143-3p inhibitor; (D) The expression level of slow-twitch muscle myosin heavy chain protein after transferred ssc-miR-143-3p inhibitor. NC is the control group for the miR-143 mimics transferred experiment. And INC is the control group for the miR-143 inhibitor transferred experiment. (\*p\<0.05, n = 5).](pone.0124873.g005){#pone.0124873.g005}

The upregulation/downregulation of ssc-miR-143-3p in skeletal muscle could induce the increase/repression of slow muscle fibres. However, the mechanism by which ssc-miR-143-3p regulates muscle fibres remains enigmatic. On the basis of the potential targets of ssc-miR-143-3p and previous studies, we inferred three possible pathways involved in the regulation of muscle fibres by ssc-miR-143-3p. First, miR-143 directly targets *MyoD*, crucial regulator of the fast fibre phenotype\[[@pone.0124873.ref046]\], repressing its expression by binding to the of *MyoD* 3'UTR\[[@pone.0124873.ref035], [@pone.0124873.ref046]\], and regulated fast fibre through *MyoD*. Second, miR-143 promotes slow fibres by targeting *HDAC4*, repressing its expression, and *HDAC4* inhibits slow muscle gene expression by repressing *MEF2C*, an essential transcription factor of muscle development\[[@pone.0124873.ref024]\]. Third, miR-143 also regulates muscle differentiation by targeting *FLNC*\[[@pone.0124873.ref043]\] ([Fig 6](#pone.0124873.g006){ref-type="fig"}). However, which pathway plays the major role in the muscle fibre regulation remains unclear. Our subsequent experiments aim to illustrate this regulation mechanism.

![Potential regulation pathways of muscle fibres by ssc-miR-143-3p.](pone.0124873.g006){#pone.0124873.g006}

Identify the pathways involved in the regulation of muscle fibres by ssc-miR-143-3p {#sec012}
-----------------------------------------------------------------------------------

To find out which pathway play a major role in the regulation of muscle fibres by ssc-miR-143-3p, we transferred ssc-miR-143-3p mimics and inhibitors into porcine skeletal muscle satellite cells, and detected some key genes in the potential regulation pathways ([Fig 6](#pone.0124873.g006){ref-type="fig"}), including *HDAC4*, *MEF2*, *MyoD* and *FLNC*. Results showed in [Fig 7](#pone.0124873.g007){ref-type="fig"}. The expression level of *HDAC4* in porcine skeletal muscle satellite cells was significantly deceased after transferred with ssc-miR-143 mimics (p\<0.05). As *HDAC4* is a critical regulator of *MEF2*, the reduction of *HDAC4* significantly induce an increase of *MEF2* (p\<0.05). At the same time, muscle satellite cells were transferred with ssc-miR-143 inhibitor. And the expression level of *HDAC4* and *MEF2* showed the opposite trends compared with transferred with ssc-miR-143 mimics. HDAC4 was significantly increased (p\<0.05). And MEF2 was significantly decreased (p\<0.05). However, the expression level of key genes *MyoD* and *FLNC* in the other two potential pathways have no changes both transferred with ssc-miR-143 mimics and inhibitor. The results all above indicated that the *HDAC4-MEF2* pathway play a crucial role in the muscle fibre regulation by ssc-miR-143.

![The expression levels of key genes in the potential regulation pathways after transferred ssc-miR-143 mimics and inhibitor.\
(A) The expression levels of key genes in the potential regulation pathways after transferred ssc-miR-143 mimics; (B) The expression levels of key genes in the potential regulation pathways after transferred ssc-miR-143 inhibitor. (\*p\<0.05, n = 5).](pone.0124873.g007){#pone.0124873.g007}

Materials and Methods {#sec013}
=====================

Ethics statement {#sec014}
----------------

The animals were reared and slaughtered in strict compliance with the Welfare and Ethics of Laboratory Animals Regulations (WELAR) approved by the Chinese Association For Laboratory Animal Sciences (CAFLAS). All animal procedures were conducted under the protocol (SCAU-AEC-2010-0416) approved by the Institutional of Animal Ethics Committee (IAEC) of South China Agricultural University.

Animals and muscle sampling {#sec015}
---------------------------

Sixty castrated hybrid male pigs (Landrace × Large White × Duroc) were used in this study. All animals were purchased from the experimental animal centre of the WENs Group. The average weight of the pigs at the beginning of the experiment was 7.27±0.13 kg. The animals were divided into 6 stalls with 10 animals per stall (3.5m×6m). All animals were housed in a controlled environment and were provided free access to food and water. The experimental diet was designed according to the NRC 2012 (nutrient requirements of swine, eleventh revised edition, 2012) as follows: 10--30 kg stage: 19.2% CP, 1.02% available lysine, and 3300 Kcal of DE/kg; 30--60 kg stage: 17.2% CP, 0.85% available lysine, and 3300 Kcal of DE/kg; and 60--110 kg stage: 15.2% CP, 0.69% available lysine, and 3300 Kcal of DE/kg. The experiment began when the pigs were 35 d old followed by a 5-d period to adapt to the new diet.

We slaughtered 18 pigs at 63, 98 and 161 d of age by slaughtering one pig from each stall. During the night before slaughter, the pigs were allowed ad libitum access to water but not food. The following morning, pigs were slaughtered by electrical stunning and exsanguination \[[@pone.0124873.ref047]\]. The psoas major muscle was then isolated. Within 1 h after slaughter, muscle samples were taken, mounted on tongue depressors, placed in freezing tubes, and stored in liquid nitrogen before transfer to a −80°C freezer.

Histological analyses {#sec016}
---------------------

Transverse serial sections of all muscle samples were generated using a cryostat (Leica Microsystems Nussloch GmbH, Leica CM 1850, Germany; set at 10 μm) at -20°C \[[@pone.0124873.ref048]\]. We integrated mATPase histochemistry with succinate dehydrogenase (SDH) histochemistry. The sections were stained for 45 min using SDH histochemistry after pre-incubation at pH 4.35 \[[@pone.0124873.ref004]\]. The sections were then washed and stained for 30 min using mATPase histochemistry \[[@pone.0124873.ref049]\]. Images of all sections were captured using a CCD camera connected to an optical microscope, and image analysis software was used to identify the fibre type. The fibres were classified into MyHC types 1, 2a and 2x+2b. We made 5 sections for each pig, and we selected 3 fields of view from each section for counting and calculations. All of the images were taken at 100X magnification.

Total RNA extraction {#sec017}
--------------------

Total RNA was isolated from the three stages (63d, 98d and 161d) psoas major muscle samplesusing TRIzol according to the manufacturer's instructions. The RNA samples were treated with DNase to eliminate trace genomic DNA contamination. The total RNA was quantified by measuring the absorbance at 260 nm. The 260/280 nm and 260/230 nm absorbance ratios were measured to determine the purity of the isolated RNA. The integrity of the extracted RNA was determined by examining the 28S and 18S rRNA bands on ethidium bromide-stained agarose gels \[[@pone.0124873.ref050]\].

Real-time quantitative PCR of MyHC genes {#sec018}
----------------------------------------

Using the total RNA as template and oligo (dt)18 as a primer, reverse transcription reactions were performed to generate cDNA using reverse transcriptase and an RNase inhibitor. The cDNAs of the muscle samples were stored at −80°C until use.

Oligo 7 and Primer Premier 5 were used to design primers to amplify the MyHC isoform genes and a housekeeping gene for RT-qPCR. Because the MyHC isoform genes belong to a single family, their sequences are highly similar. To amplify specific PCR products, we compared the gene sequences and designed primers annealing to regions with low similarity \[[@pone.0124873.ref047]\]. The primer sequences and PCR conditions used are listed in [S8 Table](#pone.0124873.s009){ref-type="supplementary-material"}. The RT-qPCR reactions were performed on an ABI 7500 machine using the cDNA as template and the SYBR Green fluorescent dye. The thermal cycling parameters were as follows: an initial denaturation step at 95°C for 10 min followed by 40 cycles of denaturation at 95°C for 15 s and annealing and extension at 60°C for 1 min. The expression levels of various MyHC mRNAs are reported as 2-ΔCt where ΔCt is the difference in Ct between MyHC and GAPDH. The relative amounts of MyHC 1, 2a, 2x and 2b are reported as percentage of the total MyHC transcripts.

Real-time quantitative PCR for miRNAs {#sec019}
-------------------------------------

Reverse transcriptase reactions contained 1 μg of purified total RNA, 50 nM stem-loop RT primer ([S8 Table](#pone.0124873.s009){ref-type="supplementary-material"}), 10×RT buffer, 0.25 mM dNTP, 3.33 U/μl M-MLV reverse transcriptase and 0.25 U/μl RNase inhibitor \[[@pone.0124873.ref051]\]. The 7.5 μl reactions were incubated for 60 min at 42°C, 10 min at 75°C and then held at 4°C\[[@pone.0124873.ref052]\]. Real-time quantitative PCR was performed with standard protocols of the ABI 7500 system and using the reverse transcriptase reaction products as templates. The RT-qPCR thermal cycling parameters used are described in section 3.3. All reactions were run in duplicate and including negative controls without template.

miRNA library preparation and Illumina deep sequencing {#sec020}
------------------------------------------------------

For the three developmental stages, equal quantities of total RNA isolated from six individual pigs psoas major muscle were pooled. The small RNA libraries of three stages were prepared according to the following steps. First, we sequentially ligated 3' and 5' adapters to the extracted total RNA using T4 RNA Ligase 2. Second, reverse transcription of small RNA was performed by PCR to ligate the small RNA to 3' and 5' adapters, and the cDNA was then amplified. Third, the cDNA construct was gel purified, and the library was validated according to a series of quality control analyses. The purified cDNA was then used for the Illumina deep sequencing analysis following the standard procedure of our service provider (LC Science).

Statistical analysis {#sec021}
--------------------

All data, including the *MyHC* evaluation, RT-qPCR validation and correlation coefficients, were analysed using SPSS 19.0. The results are presented as the least square means with standard errors. The differences between the measured quantities were analyzed using the T-test; p\<0.05 was considered to represent a significant difference. Pearson correlation coefficients were determined using partial correlation coefficients to analyse the correlation between the two methods, RT-qPCR and deep sequencing.

The raw sequence data were processed using a proprietary pipeline script, ACGT101-miR v4.2 (LC Sciences), and a series of digital filters were employed to remove various unmappable sequencing reads. Various "mappings" were performed on unique sequences against pre-miRNA (mir) and mature miRNA (miR) sequences listed in miRBase Release 20.0 or genome based on the public releases of appropriate species. The unique sequences were achieved and used for subsequent analysis. All the sequence data have been submitted to the NCBI Gene Expression Omnibus (<http://www.ncbi.nlm.nih.gov/geo/>) under accession NO.GSE64275.

Conclusions {#sec022}
===========

In the period between 63 and 161 d, the ratio of slow-twitch oxidative fibres (type 1) and fast-twitch oxidative fibres (type 2a) decreased, revealing that the oxidation capacity of the psoas major muscle decreased during this period. Using Illumina deep sequencing, 271 mature miRNAs and 243 pre-miRNAs were identified in the psoas major muscle by comparing the sequences to the current miRBase database, and 472 novel miRNAs were detected in the muscle samples. The sequencing data were confirmed by RT-qPCR, and in highly similar sequences were generated from the two techniques. A comprehensive miRNA expression profile of the psoas major muscle in the period between 63 and 161 d has been established, which provides fundamental information about the miRNA regulation of muscle growth and differentiation. We found 23 highly expressed miRNAs in the miRNA expression profile analysis of these three stages. Among them, there are 10 muscle-related miRNAs, which control muscle fibre content, myofibre identity and muscle performance. We also discovered several miRNAs, including ssc-miR-1, ssc-miR-143-3p, ssc-miR-151, ssc-miR-30b, ssc-miR-340, and ssc-miR-335, that may be involved in fibre type regulation. Furthermore, overexpression/inhibition of ssc-miR-143-3p in SCs induced an/a increase/reduction of the slow muscle fibre gene and protein (*MYH7*), indicating that miR-143 activity regulated slow muscle fibre differentiate. MiRNAs in skeletal muscle play important roles in the process of muscle growth and differentiation suggesting a role for miRNAs in muscle fibre regulation and ultimately in muscle development.
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